INTRODUCTION
Metabolic syndrome is a combination of health disorders, such as high blood glucose, high blood pressure, and dyslipidaemia, caused by excess visceral fat accumulation, which ultimately progresses to cardiovascular disease and other chronic ailments. Recently, the number of individuals with metabolic syndrome has increased rapidly worldwide because of a shift towards dietary excess, lack of exercise, and increased stress, which has caused social problems. Visceral fat-type obesity is an underlying cause of metabolic syndrome.
Lactoferrin LF is an iron-binding glycoprotein, which is present at high levels in breast milk. This protein has many known functions and is a potential antibacterial 1 , antiviral 2 , immunostimulatory 3 , antioxidant 4 , and cancer preventive agent 5 . LF is a natural component of human breast milk, hence it is considered to be a safe food additive. Indeed, bovine LF bLF has been approved as a food additive in Japan while it is included in the generally recognized as safe category in the US. Recently, it was reported that plasma LF levels are inversely correlated with the severity of obesity as well as plasma triglyceride and free fatty acid FA levels in a clinical trial 6 , suggesting that LF may ameliorate lipid metabolism dysfunctions. Several studies have already reported the beneficial effects of bLF on lipid metabolism in animals. Kawashima et al. reported that 2 LF dietary supplementation significantly reduced serum non-esterified FA NEFA levels in 10-month-old C57BL/6Cr mice 7 while Takeuchi et al. showed that bLF improved many lipid metabolism-related parameters 8 .
After its administration to ICR mice, bLF reduced plasma triglyceride, NEFA, hepatic cholesterol, and hepatic triglyceride levels. However, these previous studies were not focused on visceral fat. Recently, two studies have demonstrated the in vitro effects of LF on preadipocytes, where LF suppressed the differentiation of adipocytes in MC3T3-G2/PA6 cell lines 9 derived from the calvaria of mice 10 , as well as the differentiation of 3T3-L1 adipocytes established from a mouse embryo 11 . We reported the effects of bLF metabolites produced in the stomach and small intestine by the digestive enzymes pepsin and trypsin in an in vitro study 12 . In our previous study, full length and trypsin-digested LF inhibited the differentiation of preadipocytes derived from rat mesenteric fat, whereas pepsin-digested LF did not. We also analyzed LF distribution using Sprague-Dawley rats, and orally administered bLF was found to be distributed mainly in the mesenteric fat tissue 12 . Based on these findings, we hypothesized that an enteric LF formulation would be effective for treating lipid metabolism dysfunctions, especially visceral fat reduction. Thus, we performed a double-blind clinical trial using enteric-coated bLF eLF tablets to avoid degradation in the stomach and found that bLF administration for 8 weeks reduced abdominal fat accumulation, especially visceral fat, in Japanese men and women with abdominal obesity 13 .
However, the mechanisms responsible for visceral fat reduction remain unclear, and an appropriate animal model of visceral fat reduction is required to clarify the effects of eLF. Unfortunately, it was impossible to administer our eLF tablets to mice. Thus, we performed the present study where large doses of LF were administered by gastric intubation. A comparison of the routes of dietary intake and gastric intubation demonstrated that the latter is more efficient for ensuring that full-length LF reaches the intestine data not shown . Thus, the objective of this study was to establish an animal model of visceral fat reduction by bLF administration by gastric intubation.
EXPERIMENTAL PROCEDURES

Animals and diets
All animal experiments were performed in accordance with the Lion Corporation Japan Guidelines for the Care and Use of Laboratory Animals. Seven-week-old male ICR mice were purchased from Japan SLC, Inc. Shizuoka, Japan and maintained in a temperature-controlled barrier room under a 12 h light/dark cycle, with free access to powdered laboratory chow control diet; RD12450B, Research Diet Inc., New Brunswick, USA and tap water. At 8 weeks of age, mice were divided into two groups with matched mean weights. One group was administered 0.5 mL distilled water DW group and the other was administered 100 mg of bLF Friesland Campina, Amersfoort, Netherlands reconstituted in 0.5 mL distilled water LF group . Both were administered by gastric intubation at the same time, once each day. On day 28, mice were fasted for 16 h and dissected under pentobarbital anesthesia. Blood samples were collected from the inferior vena cava to prepare serum. The mice were killed by exsanguination and mesenteric fat tissue and liver samples were collected and weighed.
Analysis of lipids in serum and liver
Serum total cholesterol, NEFA, triglyceride, and glucose levels were determined using Wako Cholesterol C-Test, NEFA C-Test, Triglyceride E-Test, and Glucose C-Test Kits Wako Pure Chemical, Osaka, Japan , respectively. Lipids in the liver were extracted using the method of Folch et al. In brief, liver samples were dissolved in 2-propanol, and the hepatic triglyceride and total cholesterol levels were determined using the corresponding Wako Test kits.
LF distribution
Eight-week-old ICR mice were housed for 1 week and fasted for 16 h. Subsequently, 100 mg of bLF was administered to mice by gastric intubation. Mice were sacrificed under pentobarbital anesthesia and dissected at 15, 30, 60, and 120 min after bLF administration. Control mice were administered 0.5 mL distilled water by gastric intubation and sacrificed after 15 min. Samples were prepared as described previously. bLF levels in the small intestine, mesenteric fat tissue, liver, and serum were quantified by ELISA and/or SDS-PAGE. LabWorks version 4.6.00.0 Image Acquisition and Analysis Software Ultra-Violet Products Limited, Cambridge, UK was used for quantification of fulllength LF in the gel images. The Bovine Lactoferrin ELISA Quantitation Kit Bethyl Laboratory, Montgomery, TX, USA and the ELISA Starter Accessory Package Bethyl Laboratory were used to determine immunoreactive LF iLF levels. SDS-PAGE was performed as described previously 12 .
Statistical analysis
Data were presented as means standard deviations SD . Most of the data from in vivo analyses were compared using unpaired Student t-tests. The ELISA iLF determinations were compared with the DW group using Dunnett s test. The level of statistical significance was set at P 0.05 and tests were conducted using JMP version 5.0.1a SAS Institute Inc., Cary, NC, USA . Figures 1a and 1b compare growth and body weight gains in the LF and DW groups over 4 weeks. The growth curves and weight gains in the LF group were slightly higher than those in the DW group. However, these differences were not statistically significant. Food intake was also not significantly different between the LF and DW groups Fig. 1c . Serum NEFA, glucose, hepatic triglyceride, and total cholesterol levels were determined Table 1 . Mesenteric fat tissue weight and hepatic triglyceride levels in the LF group were significantly lower than those in the DW group mesenteric fat tissue: P 0.05; hepatic triglyceride levels: P 0.01 . There were no significant differences among the other lipid metabolism-related parameters, but the weight of the mesenteric fat tissue was positively correlated with hepatic triglyceride levels R 0.581; Fig.  2 .
RESULTS
Effects of 4-week bLF administration on visceral fat accumulation and lipid metabolism-related parameters in ICR mice
Distribution of orally administered bLF in the small
intestine, mesenteric fat, liver, and blood Figure 3 shows the changes in LF levels in the small intestine after gastric intubation of 100 mg LF to ICR mice. Pooled samples from the small intestine n 6 were analyzed by SDS-PAGE. Full-length bLF bands were observed at 15 and 30 min in the proximal halves of the small intestine but not in the distal halves Figs. 3a and 3b . After quantifying the full-length LF bands using a densitometer
Figs. 3c and 3d , we found that the maximum amount of full-length LF in the proximal halves of the small intestine was 0.38 mg at 15 min after administration, which declined subsequently and the band was not detected at 60 min.
Full-length LF was not detected in the distal halves of the small intestine at any time point. iLF was detected by ELISA in the proximal and distal halves of the small intestine at 15 and 30 min in the LF group but not in the DW group P 0.05, Dunnett s test; Figs. 3e and 3f . The maximum iLF level was detected in the proximal half at 15 min and in the distal half at 30 min 1.33 and 0.47 mg, respectively . iLF was detected in the mesenteric fat tissue at 15 min in the LF group P 0.05, Dunnett s test vs DW group; Fig. 4 . From 30 to 120 min, the average iLF levels in the LF group were higher than those in the DW group, although these differences were not statistically significant. In the liver and serum, there were no differences in iLF levels at any time point compared with iLF levels in the DW group data not shown . After oral administration of bLF for 4 weeks, mice were fasted for 16 h and dissected under pentobarbital anesthesia. Blood samples were collected from the inferior vena cava to prepare serum. The mice were killed by exsanguination and mesenteric fat and liver samples were collected and weighed. The serum lipid parameters were measured using Wako Test kits. *P < 0.05, **P < 0.01, compared with the DW group. Values are expressed as the mean ± SD (n = 9). Data were analyzed using unpaired t-tests with JMP software.
DISCUSSION
We previously reported the effects of eLF on visceral fat accumulation in a clinical trial 13 14 . However, the condition of this experiment differed from our experimental design because food intake was not restricted. Therefore, the present study is the first to demonstrate visceral fat reduction due to bLF administration while fed an ad libitum diet. In agreement with Takeuchi et al. 8 , however, we observed no beneficial effects of bLF in a high fat diet-induced obese model DIO model using Sprague-Dawley rats where full-length bLF could reach the small intestine data not shown . Their study also failed to demonstrate an effect of bLF on serum lipid parameters or hepatic triglyceride and total cholesterol levels. Further studies are necessary to confirm the mechanisms underlying these effects and to elucidate the influence of bLF in the DIO model. We analyzed bLF distribution to confirm the presence of full-length LF in the small intestine in this model. In our previous study, 1000 mg bLF reconstituted in distilled water was administered to Sprague-Dawley rats mean weight 330 g; data not shown . In the present study, the mean weight of ICR mice at 9 weeks after 16 h fasting was approximately 35 g data not shown . The ratio of administered LF quantity per body weight was matched in the two experiments, hence 100 mg bLF was administered. The maximum quantity of full-length bLF in the small intestine was 0.38 mg 0.38 Fig. 3e . In this experiment, about 10 of full-length LF was detected at 15 min after administration while the ratio detected was less than one-tenth of that in the previous report. It is possible that the protease enzymatic activity in the stomach of mice was higher than that in rats, and that the residence time in the stomach of mice was longer than that of rats.
bLF was detected mainly in the mesenteric fat tissue Fig. 4 . Previously, we reported that bLF inhibited lipid accumulation in preadipocytes derived from rat mesenteric fat tissue as well as the upregulation of the genes for peroxisome proliferator-activated receptor gamma PPARγ and CCAAT/enhancer-binding protein alpha, which are known to be regulators of differentiation of adipocytes 12 .
Yagi et al. and Moreno-Navarrete et al. reported similar effects of LF on the differentiation of 3T3L1 and MC3T3-G2/PA6 cell lines into adipocytes 9, 11 . This phenomenon may involve low-density lipoprotein-related protein 1 LRP1 . This protein is highly expressed in visceral fat and LRP1 silencing in 3T3F442A mouse preadipocytes significantly inhibits the expression of PPARγ 15 . It is also known that LF is a binding protein of this receptor 16 . LF binding to LRP1 might have a similar blocking effect to silencing adipocyte differentiation. In contrast, Grey et al. observed increased mitogenic signaling via LRP1 to p42/p44 MAPK Erk after LF stimulation in osteoblastic cells 17 . Indeed, it has been reported that long-lasting p42/p44MAPK signaling inhibits the differentiation of adipocytes 18 .
In this study, visceral fat weight and hepatic triglyceride levels decreased significantly on bLF administration Table. 1 . And these outcomes were positively correlated Fig. 2 . LRP1 is also known to be a key receptor mediating the uptake of chylomicron remnants, which carry dietary lipids into the liver. It has been reported that bLF is transported into circulation from the intestine via the lymphatic pathway in rats 19 and orally administered bLF was detected in many mouse tissues, including the serum and liver 20 .
Crawford & Borensztajn reported that intravenously administered bLF bound LRP1 in the liver and inhibited the plasma clearance of chylomicrons in mice 21 . It was also reported that endocytic absorption of chylomicron remnant lipids via LRP1 in adipose tissue was activated by insulin stimulation 22 . A crucial role for LRP1 in obesity was supported by a recent study, which showed that adipocyte LRP1 / mice showed an overall decrease in fat mass and protection from DIO 23 . Based on these results, it is possible Fig. 2 Correlation between the weights of mesenteric fat tissues and hepatic triglyceride levels. DW group; (○) and LF group; (•). Data were analyzed using a t-test with JMP software. that visceral fat and hepatic triglyceride reduction lead to binding of bLF to the LRP1 receptor, which inhibits the absorption of lipids via LRP1 in vivo. However, lipid-related parameters in the plasma were unaffected by bLF administration in our study. Therefore, it is very important to identify the tissues that have a key role in the metabolism of unclear lipids from the blood. Muscles, the main tissues of energy consumption, and the liver, the main tissue of fatty acid metabolism, should be analyzed to clarify the LF mechanism of action. It is also possible that LF has an effect on the small intestine. Takeuchi et al. reported reduced triglyceride levels in thoracic lymph after administration of a bLF-supplemented diet compared with normal diet, which suggests that bLF inhibits the absorption of dietary triglycerides 8 . This mechanism is still unclear, but it is also a possible mechanism of bLF to reduce visceral fat. However, further studies are necessary to confirm bLF mechanisms underlying these observations.
CONCLUSION
We established an appropriate animal model to evaluate the beneficial effects of bLF on lipid metabolism. This is the first report to show visceral fat reduction after bLF administration in an animal model with unrestricted food intake. We demonstrated the utility of this model and clarified the mechanism whereby bLF reduces visceral fat and the risk of metabolic syndrome. Future studies should investigate the effects of bLF on gene and protein expression profiles especially in mesenteric fat tissues and the liver.
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